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We carry out analysis of optomechanical system formed by movable mirror of Fabry-Perot cavity
pumped by detuned laser. Optical spring arising from detuned pump creates in the system several
eigen modes which could be treated as high-Q oscillators. Modulation of laser power results in
parametric modulation of oscillators spring constants thus allowing to squeeze noise in quadratures
of the modes. Evidence of the squeezing could be found in the light reflected from the cavity.
I. INTRODUCTION
The purpose of gravitational waves detection leads to
construction of large-scale antennas like LIGO [1, 2],
VIRGO [3] and GEO [4]. Very high sensitivity of these
devices is limited by a number of noises. In the low fre-
quency range ( below ∼ 50 Hz) the prevailing sources of
noise are seismic ones, at middle frequencies (∼ 50− 200
Hz) thermal noises dominate and in high frequency range
(over 200 Hz) photon shot noise prevails. However the
technical improvement of antennas by compensation and
suppression of these and other noises will allow to achieve
sensitivity level defined only by quantum noise which for
continuous position measurement has lowest boundary
defined by Standard Quantum Limit (SQL) [5–8]. SQL
is the optimal combination of two noises of quantum na-
ture: fluctuations of mirror motion caused by random
photon number falling onto its surface and photon count-
ing noise.
One of the ways to overcome the SQL is the imple-
mentation of so-called optical rigidity (optical spring)
effect [8–11] which is based on a fact that in a de-
tuned Fabry-Perot interferometer the circulating power
and consequently the radiation pressure is dependent on
the distance between the mirrors. It has been shown in
a number of papers [12–18] that interferometers using
optical springs exhibit sensitivity below the SQL.
In a system utilizing optical spring there are two de-
grees of freedom (in case of one pump): a mechanical
one and an optical one. Interaction of these coordinates
gives birth to several eigen modes (the number of which
is equal to the system degrees of freedom number) each
of which is characterized by its own resonance frequency
and damping.
Free evolution of the system can be represented as a
sum of eigen modes each of which is an oscillator with
its eigen frequency and has corresponding damping. In
principle one can make transfer from the conventional
coordinates to eigen ones and consider the evolution of
the system as evolution of these new oscillators.
Using the curve of susceptibility of the system one can
estimate the average energy stored in each equivalent
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eigen mode oscillator. It is well known [5, 8, 19] that
an oscillator with average energy Ea exhibits quantum-
mechanical behavior if the condition
Ea
~ωQ
 1.
is met. Here ω and Q are eigen frequency and quality fac-
tor of oscillator. Estimations [20] show that for system
such as interferometer Advanced LIGO these conditions
are well fulfilled. As a consequence one can expect the
corresponding eigen modes to be observed in quantum
state despite the fact that the (effective) mass of me-
chanical oscillator in considered interferometer is equal
to 10 kg.
Given this motivation it is interesting to look for any
experimental scenario giving an ability to bring one of
the eigen modes to non-classical state. Currently the
development of techniques aimed on preparation of me-
chanical resonator in quantum state by means of optome-
chanical interaction is well underway including investi-
gations of micromembranes [21], microtoroids [22], op-
tomechanical crystals [23], pulse-pumped optomechani-
cal cavities [24] and even large-scale gravitational-wave
detectors [25]. One of the most important problems in-
herent to optomechanical devices is relatively large losses
of mechanical microoscillator. Replacement of material
spring by optical one may decrease the losses in mechan-
ical system and thus provide an experimental possibility
of realisation of quantum regimes.
For the initial consideration it is also worth to show
the very possibility of manipulation with optomechan-
ical modes. To prove this possibility we demonstrate
the mechanism to perform quadrature squeezing of shot
noise caused fluctuations in these modes using parametric
modulation of spring constant which has been previously
considered as a tool to squeeze fluctuations in cavity mir-
ror motion [26].
II. DESCRIPTION OF MODEL
We consider a gravitational-wave detector Advanced
LIGO with a signal recycling mirror (SRM) having
an amplitude reflectivity ρ and power recycling mirror
(PRM); a scheme of antenna is presented in fig. 1. An-
tenna consists of a Michelson interferometer with addi-
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FIG. 1: Top: scheme of Advanced LIGO detector. Bot-
tom: scheme of equivalent Fabry-Perot interferometer with
one movable mirror and feedback implemented for stability of
system.
tional mirrors forming Fabry-Perot (FP) cavities with
mean distance L between mirrors in arms. Input mirrors
have amplitude transmittivities T and masses m and out-
put mirrors have the same masses m and are completely
reflective. We assume that all mirrors are lossless. The
interferometer is pumped by laser having frequency res-
onant for FP cavities in arms.
Dynamics of this interferometer could be split into two
modes: namely differential one and common one. The
optical fields in the modes represent difference and sum
of the fields in arms respectively and carry information
about difference and sum between lengthenings of arm
cavities. Each mode is characterized by optical detun-
ing and decay rate introduced by displacement of cor-
responding recycling mirror: SRM for differential mode
and PRM for common one.
It has been demonstrated [15] that each of this modes
could be equivalently described using a model of FP
cavity (see fig. 1, bottom). We focus our attention to
differential mode. The end mirror of equivalent cav-
ity has mass equal to reduced mass of four mirrors of
Michelson interferometer µ = m4 and is completely re-
flective. The displacement of this mirror is equal to
difference of arms lengthening of initial interferometer:
y = (xe−xi)− (ye−yi). Distance separating the mirrors
is equal to one in initial interferometer, namely L. The
pump in equivalent scheme should be characterized by
the same relaxation rate Γ and detuning ∆ as in initial
scheme and mean circulating power P two times bigger
than one in initial interferometer.
A detuned pump creates in FP cavity an optical spring,
that is the radiation-pressure force which depends on the
distance separating mirrors of the cavity. A system with
only one optical spring is always unstable because a sin-
gle pump introduces either negative damping or nega-
tive rigidity [9–12]. A few ways to avoid instabilities
have been proposed amongst which there are implemen-
tation of feedback [15] or utilization of additional pump
[27, 28]. The latter way has been investigated in details
and proven experimentally with mirror of gram-scale [29].
However in laboratory-scale experiment it should be eas-
ier to utilize a proper feedback. Hence we consider a
scheme of FP cavity with one pump and a feedback in-
stead of two pumps.
Input optical fluctuations are described by annihila-
tion operator ai, operator ao describes output fluctua-
tions. To avoid instability caused by optical spring we
measure phase quadrature ao2 of output fluctuations with
homodyne detector and send its derivative over time as
a feedback force to the movable mirror.
The dynamics of interferometer could be described in
terms of two degrees of freedom. One of those is annihi-
lation operator b of optical fluctuations inside the inter-
ferometer (actually, its amplitude quadrature b1) and an-
other is mechanical displacement y. Equations of motion
for this system could be written as follows (in capacity
of mechanical coordinate we use dimensionless displace-
ment z):
b¨1 + gb˙1 + 2b1 +Az = ν1; (1a)
z¨ −Ab1 − αb˙1 = ν2. (1b)
Derivation of these equations from the hamiltonian of the
system and exact definition of coefficients are presented
in Appendix A.
We use dimensionless parameters defined the same
way as in [20, 28]. Parameter g stands for optical re-
laxation rate, coupling coefficient A is proportional to
pump power, α is the coefficient of feedback. The right
parts of equations represent fluctuational forces acting
on corresponding degree of freedom. As of optical one
the force ν1 represents input vacuum fluctuations and
for mechanical one ν2 describes vacuum fluctuations re-
flected by the cavity and transmitted by feedback. We
neglect all other fluctuational forces including thermal
and seismic ones. Depending on device in consideration
this first step assumption could be either realistic or not.
Some calculations of thermal noise influence is presented
in Appendix B. In particular they show that in config-
uration of Advanced LIGO interferometer the impact of
thermal noises is only slightly below the one of quantum
fluctuations.
The equations (1) look similar to ones for oscillator
coupled to a free mass (or two coupled oscillators one of
3which has partial frequency equal to zero). However we
would note the difference in signs in front of the coupling
terms (proportional to A): in the case of conventional
coupled oscillators these signs coincide; in our case the
signs differ. This is the reason of instability which ap-
pears in absence of feedback and this is also the reason
of possibility for eigen frequencies of such system to coin-
cide (so called double resonance case [13, 16, 17] — let us
remind that in case of two coupled oscillators coincidence
of eigen frequencies is impossible).
III. PARAMETRIC SQUEEZING OF EIGEN
MODES AMPLITUDES
As in the case of conventional coupled oscillators one
can treat the system in terms of eigen modes. The evo-
lution of oscillator system could be written as a sum of
eigen oscillations:(
b1
z
)
=
2∑
i
~vigie
−iωit + ~v∗i g
†
i e
iωit. (2)
Index in the sum runs from 1 to the number of system
degrees of freedom (2 for set (1)). This equation could be
treated as transformation from conventional coordinates
(b1; z) to the eigen ones. As in eqn. (2) one can present
evolution of each of eigen modes as combination of os-
cillations at corresponding eigen frequencies ωi and slow
(compared to these oscillations) changing of amplitude.
In case of free evolution (zero right parts in eqns. (1))
quantities gi ∼ e−γit i.e. they freely decay with relax-
ation rates γi into the equilibrium values. Vectors ~vi rep-
resent distribution of amplitudes in corresponding eigen
modes.
Suppose that we have a possibility to modulate the
power of pumping laser. This will result in modulation
of coupling coefficient and hence it will cause shifting
of eigen frequencies of system. It is well known [30]
that modulation of eigen frequency of oscillator with fre-
quency twice bigger than its own one results in squeezing
of noise in its quadratures. In this paper we show that
modulation of the pumping power performs squeezing of
noise in quadratures of eigen modes amplitudes.
Consider we harmonically modulate the pumping
power at frequency 2p so coupling coefficient in (1) de-
pends on time: A → A(1 + 2|m| cos(2pt + φ)). Assum-
ing the quantities gi to be slow (i.e. not to significantly
change on times compared to mechanical periods 2pi/ωi)
one can plug the expression (2) into system (1) and to
get rid of rapidly oscillating terms by averaging over a
period 2pi/p. This procedure results in shortened equa-
tions for amplitudes gi. For one with number j (j = 1, 2)
the equation takes form:
−2iωj
[
g˙j+γjgj
]
+ |m|
∑
i
g†i (~Πj ~w
∗
i )e
i(ωi+ωj−2p)t−iφ =
= (~Πjνj)e
iωjt. (3)
Here we have introduced a set of vectors ~Πj built to be or-
thogonal to all vi except one: (~Πj~vi) = δji, where δji is a
Kronecker delta (in the case of two conventional coupled
oscillators vectors ~vi are itself orthogonal and system of
~Πi is unnecessary). Vectors ~wi are defined as follows:
~wi =
(
0 A
−A 0
)
~vi.
Underlining used for νj is to emphasise that this quan-
tity is obtained in right part of equation by procedure
of keeping only slow (in comparison to terms oscillating
with frequency p) quantities. To make νje
iωjt fulfilling
this criterion one should keep in νj only spectral compo-
nents close to ωj .
From now on we will focus on the amplitude of one of
modes taking into account that all the results obtained
for this mode are similar for other ones. For clarity let
us set j = 1 thus considering the first mode. Also we
suppose the modulation to happen at frequency twice
bigger than the one of first mode: p = ω1.
First let us consider the simplest case when difference
between eigen frequencies ω1 − ω2 is large in respect to
decay rates γi. In this case the exponential multipliers in
eqn. (3) should be considered as fast oscillating ones and
the equations for amplitudes gi decouple. In this case
the equation for g1 takes the following form in spectral
domain[
γ1 − ix]g1(x) + 11g†1(−x) =
i(~Π1~ν1)e
iω1t
2ω1
≡ f1(x). (4)
Here x stands for normalized spectral frequency (see ap-
pendix A), γ1 is the decay rate of first mode; 11 is a quan-
tity proportional to modulation strength, the general ex-
pression for it could be easily deduced from eqn. (3):
ji =
−i|m|(~Π∗j ~wi)eiφ
2ωj
.
We also write the equation for g†1(−x) by hermitian
conjugation of eqn. 4 and replacement x → −x. Taking
proper combinations of these equations yields the expres-
sions for corresponding quadratures of g1. For simplicity
let 11 = 
∗
11 = |11| which is achievable by proper choos-
ing φ, in this case the mentioned combinations reduce to
sum or difference:
(
g1 + g
†
1
)[
γ1 + |11| − ix
]
= f1 + f
†
1 ; (5a)(
g1 − g†1
)[
γ1 − |11| − ix
]
= f1 − f†1 ; (5b)
One can conclude from these equations that sum quadra-
ture is squeezed due to parametric modulation and the
difference quadrature is antisqueezed. The measure of
squeezing is the spectral density which for arbitrary
quantity d(ω) is given by expression
Sd(ω)2piδ(ω + ω
′) = 1/2 · 〈d†(ω)d(ω′) + d(ω′)d†(ω′)〉,
4where the angle brackets mean averaging.
Obvious calculations prove that spectral densities of
right parts of both equations (5a) and (5b) coincide and
the equations differ by additional damping |11| (posi-
tive or negative for different quadratures) introduced by
modulation. In absence of modulation 11 = 0 and there
is no discrepancy between quadratures. If modulation
is applied then 11 has nonzero value and quadratures
spectral densities differ.
One can also estimate the critical level of modulation
characterized by value mc, this is a level when negative
damping added to the differential quadrature g1− g†1 be-
comes equal to its own damping: γ1−|11| = 0 thus mak-
ing quadrature instable. Given this value of modulation
coefficient damping in the sum quadrature is twice bigger
than its own damping γ1. This means that quadrature
noise squeezing is limited by factor of two.
In general case of arbitrary eigen frequencies ω1,2 the
equations (3) could not be solved in such an obvious way,
but in this case one can rewrite these equations to switch
from spectral components gj(x) to the same components
but shifted by frequency, namely gj(x− (ωj − ω1)). The
equations take form
gj(x− (ωj − ω1)) ·
[− ix+ i(ωj − ω1) + γj]+
+
∑
i
g†i (−x− (ωi − ω1))∗ji =
i
2ωj
(~Πj~νj(p+ x)). (6)
This set represents a system of linear algebraic equa-
tions and could be solved by applying Kramer’s rule. Us-
ing the solution we obtain the expression for plus or mi-
nus quadratures of j-th mode G
(±)
j defined as follows
G
(±)
j (x) =
gj(x)± g†j (−x)√
2
,
and calculate spectral densities of these quadratures.
In coincidence with expectations in absence of para-
metric modulation both plus and minus quadratures of
first mode have equal spectral densities. If modulation is
applied the plus quadrature G
(+)
1 appears to be squeezed
and the minus quadrature G
(−)
1 to be antisqueezed. The
bigger is modulation coefficient the more significant the
(anti-) squeezing effect is. It could be easily shown that
squeezing is also limited by a factor of two in this case.
IV. READOUT
The important question is whether it is possible to see
this squeezing in output light. The answer to this ques-
tion is positive.
Output fluctuations ao are defined by input fluctua-
tions ai and light inside cavity b, in particular for phase
quadrature of ao the following expression is valid:
ao2 = −ai2 − 2
√
Γτb1.
Plugging the solution obtained in previous section for
g1,2 into the equation (2) we can thus express the output
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FIG. 2: Spectral density of output field quadratures A
(+)
1 and
A
(−)
1 (defined in eqn. (7)) versus dimensionless frequency for
different values of modulation coefficient. Bold black trace
portrayes coincident plots of both A(+) and A(−) quadratures
corresponding to the case of absent modulation.
fluctuations through quantities gi. It is easy to show (see
appendix C) that quantity
A
(±)
j (x) =
ao2(x+ ωj)± ao2(x− ωj)√
2
(7)
is proportional to the quadrature G
(±)
j (x). In time do-
main measurement of this quantity is equivalent to mul-
tiplication of measured phase quadrature with cosine of
frequency ωj with proper phase:
a(t) cos(ωjt+ φM)→ a(x+ ωj)eiφM + a(x− ωj)e−iφM .
Setting φM = 0 or φM =
pi
2 we obtain A
(+)
j or A
(−)
j .
Estimations of A
(±)
j spectral density demonstrate that
it is possible to see squeezing in output light. The spec-
tral densities of these quantities are plotted in fig. 2 be-
ing normalized to the shot noise level. The limitation of
squeezing by factor of two shows up in output light too.
V. CONCLUSION
In this paper we have shown the possibility of quadra-
ture noise squeezing of eigen modes amplitudes in an
optomechanical system. As a model of latter we have
used a Fabry-Perot cavity with movable mirror and a de-
tuned pump. The eigen modes in this system are defined
by interaction between optical and mechanical degrees of
freedom.
Detuned pump transforms the mirror which is initially
a free-mass into a harmonic oscillator with spring coeffi-
cient provided by means of optical rigidity. In comparison
with material rigidity peculiar to usual optomechanical
devices such as microtoroids or membranes etc [21–24]
optical rigidity is characterized by very low noises level.
The another advantage of using optical springs is the
5very ability of spring constant manipulation by means of
pump power modulation. Comparison of impact exerted
by quantum and thermal noises upon quadratures (see
Appendix B) reveals that both fluctuations have their af-
fects of same order. This gives us an ability to talk about
quantum noise squeezing of optomechanic quadratures in
gravitational wave detectors (Advanced LIGO [2], Ein-
stein Telescope [37]) and in prototypes (Glasgow Uni-
versity prototype [31], AEI Hannover prototype [32] and
Gingin facility [33])
Despite the fact that we consider a feedback in our
model, the feedback itself is unnecessary to achieve the
squeezing as it serves only to stabilize the eigen frequen-
cies of the system. The stabilization could be performed
by means of an auxiliary pump with power significantly
lower than one in main pump. However implementation
of feedback is more feasible in small-scale experimental
setups like gravitational-wave antenna prototypes [31–
33].
Realization of proposed scheme in experiment could
demonstrate non-classical behavior of optomechanical
mode which could be useful for tests of quantum mechan-
ics applied to macroscopic mechanical objects. We would
like to underline it is not pure optical or pure mechani-
cal, but an optomechanical degree of freedom that may
exhibit quantum behavior. Also a quantum state if cre-
ated in an eigen mode could be transmitted into another
one (for example, by modulation of pump with difference
frequency (ω2 − ω1)). This gives us a potential play-
ground for creation and transmission of quantum states
between optomechanical modes which could be useful for
problems of quantum information.
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Appendix A: Derivation of initial equations
The hamiltonian of considered system (without feed-
back) could be written as follows [34]:
H = ~ωcB†B +
p2
2µ
− ~KB†By +Hbath +Hpump.
Here B (B†) is annihilation (creation) operator of optical
mode, y (p) is position (momentum) operator of movable
mirror. Also ωc = ω0−∆ is the frequency of cavity funda-
mental mode closest to the pump frequency ω0. The dif-
ference between these frequencies is denoted as ∆, please
note the sign of this detuning: for the pump tuned onto
the right slope of optical resonance curve (blue detuned
pump) ∆ is positive. K = ωc/L is the coupling coef-
ficient between light mode and mirror motion. Hbath is
the hamiltonian describing interaction of the system with
bath and the bath itself. Hpump is the same for pump.
If we then suppose the optical operators to consist of
strong classical part B¯ (which is real positive number
characterizing mean optical power P inside cavity: B¯ =√
P/~ω0) and quantum fluctuations b so that B = B¯+ b
and switch to the frame rotating with frequency ω0, then
the linearized hamiltonian should take the form
H = −~∆b†b+ p
2
2µ
− ~KB¯y(b+ + b) +Hbath +Hpump.
One then should write down Heisenberg equations for
position and momentum of mirror and amplitude (b1)
and phase (b2) operators of light defined in following way:
b1 ≡ [b+ b+]/
√
2; b2 ≡ −i[b− b+]/
√
2.
To obtain the equations of motion (1) one should elimi-
nate p and b2 and derive the forces acting from the pump
and bath.
In consideration above we have not given concrete ex-
pressions to the bath and pump hamiltonians so in order
to perform inclusion of damping, feedback and optical
fluctuational forces in a correct way we use semiclassi-
cal approach writing down the equations of motion in
spectral form [35]:
b1
[
(Γ− iΩ)2 + ∆2
]
+ y
[√Pω0
~L2
∆
]
=
= −
√
Γ
τ
[
ai1(Γ− iΩ) + ai2∆
]
;
−Ω2y − 2
µc
√
P~ω0b1 = iΩαfb(−ai2 − 2
√
Γτb1).
Here Ω is spectral frequency, τ is the time it takes light
to travel between mirrors (one way), αfb is a coefficient of
feedback, i.e. the force fed to the mirror is equal to ffb =
−µαfba˙o2. The dimensionless parameters are defined as
follows.
z =
√
µ∆
2~τ
y; x =
√
2Ω√
Γ2 + ∆2
; g =
2
√
2Γ√
Γ2 + ∆2
;
A =
2
Γ2 + ∆2
√
2Pω0∆
µLc
;
α =
2αfb√
Γ2 + ∆2
√
µ∆Γ
~
.
Switching to dimensionless parameters from dimensional
ones using the definitions listed above yields the system
−x2b1 − ixgb1+2b1 +Az = ν1 ≡
−g√
Γτ
[
ai1
(g
2
− ix
)
+ ai2
√
2− g
2
4
]
,
−Ab1+ixαb1 − x2z = ν2 ≡ ixα
2
√
Γτ
ai2.
6Finally by transferring from frequency domain to time
one following rule −iΩ → ∂t one can write down the
system (1)
For numerical calculations through this paper we have
used the following set of parameters
A = 0.90; g = 0.1; α = 0.1.
Appendix B: Thermal fluctuations
In order to account thermal fluctuations in the model
one should include corresponding fluctuational force in
the right part of the equation of motion for mechanical
degree of freedom. This results in formal replacement
ν2 =
ixα
2
√
Γτ
ai2 →
ixα
2
√
Γτ
ai2 − x2zth. (B1)
Here −x2zth is thermal fluctuational force. If we con-
sider coating Brownian noise as the source of this force
(in Advanced LIGO coating fluctuations are dominant
thermal noises), then its spectral density is given by ex-
pression [36]:
Szth =
µ∆
2}τ
2kBT (1− σ2)
pi3/2f wY
(φ‖ + φ⊥),
φ‖ =
(1 + σ)(1− 2σ2)√
piwY (1− σ)
[
Y1d1φ1
1− σ21
+
Y2d2φ2
1− σ22
]
,
φ⊥ =
Y√
piw(1− σ2)
[
(1 + σ1)(1− 2σ1)d1φ1
Y1(1− σ1) +
+
(1 + σ2)(1− 2σ2)d2φ2
Y2(1− σ2)
]
.
Here f is spectral frequency (measured in Hz), w is
a radius of a beam spot on mirror’s surface, Y, σ are
Young modulus and Poisson ratio of substrate respec-
tively, Y1,2, σ1,2 are the same quantities for alternating
layers, d1,2 = Nλ/4n1,2 are total thicknesses of quater
wavelength layers, N is the number of layers’ pairs, λ —
optical wavelength, n1,2 are refraction indices of layers.
T is the temperature of mirrors coating, kB is Bolzmann’s
constant. The numerical parameters that we use for es-
timations are listed in table I.
As the thermal noise is not correlated to vacuum
noises, inclusion of the last term in equation (B1) re-
veals in estimations of spectral densities of quadratures
only by additional term in expression for spectral density
of ν2:
Sν2 → Sν2 + x4Szth.
The convenient factor of thermal noise influence on
eigen mode amplitude spectral density is the following
ratio:
ξ =
√
Sth(ω1)
Sq(ω1)
∣∣∣∣∣
m=0
.
TABLE I: Parameters used for numerical calculations of coat-
ing Brownian noise.
Parameter substrate Ta2O5 layer SiO2 layer
T , K 290
λ, m 1.064× 10−6
N - 20 20
n 1.45 2.035 1.45
Y , Pa 72× 109 140× 109 72× 109
σ 0.17 0.23 0.17
φ 4× 10−10 2× 10−4 4× 10−5
Here Sth is the spectral density of output field quadrature
A
(+)
1 in case of only thermal noises present and Sq is
the spectral density of the same quadrature provided by
quantum noises. Both spectral densities are calculated
for the case of absent modulation. Obviously there is
a possibility to speculate on quantum noise squeezing if
factor ξ is lesser than unity.
Calculations done for parameters of Advanced
LIGO [2] yield the value ξaLIGO = 0.82 which means that
despite the fact that limitations imposed on the antenna
sensitivity by coating Brownian noises are smaller then
quantum noise imposed ones, their influence on the eigen
mode amplitude are still comparable with the influence of
latter. However the estimations for future antenna Ein-
stein Telescope [37] provide much more optimistic value
ξET = 0.15.
Estimations for some experimental prototypes show
that thermal noises are dominant in these devices. In par-
ticular for Glasgow University prototype [31] ξGP = 2.7,
for AEI Hannover prototype [32] ξAEI = 1.7 and for Gin-
gin facility [33] ξGingin = 3.8. The parameters used for
these estimations are listed in table II. Calculations for
Einstein Telescope differ from another devices by used
wavelength λ = 1.55 µm and temperature T = 10 K.
TABLE II: Numerical parameters of Advanced LIGO
(aLIGO), Einstein Telescope (ET), Glasgow Prototype (GP),
AEI Hannover Prototype and Gingin High Optical Power Test
Facility used for numerical estimations of thermal noises in-
fluence.
aLIGO ET GP AEI Gingin
Arm length, m 4× 103 10× 103 10 10 77
Reduced mass, kg 10 50 0.1 0.025 0.4
Beam spot radius, m 0.05 0.09 0.01 0.01 0.01
Power in arm, kW 5 18 10 10 40
7Appendix C: Readout
In output field we measure phase quadrature ao2 which
is proportional to b1 that carries information about
squeezing. Further we discuss which combination of spec-
tral components of b1 contains squeezing evidence taking
into account that corresponding combination of ao2 com-
ponents represents the same combination with some in-
put fluctuations ai2 added.
For spectral components of b1 shifted in frequency do-
main by amount of ωj one can write the following expres-
sion using eqn. (2):
b1(x+ωj) =
∑
i
Vi(gi(x− [ωi−ωj ])+g†i (−x− [ωi+ωj ])).
Here we use freedom in definition of ~vi and let Vi =
(~vi)1 = (~vi)
∗
1. An equation similar to one above could
be written for b1(x− ωj):
b1(x−ωj) =
∑
i
Vi
(
g†i (−x− [ωi−ωj ])+gi(x− [ωi+ωj ])
)
.
We now take sum or difference of these quantities and
obtain expression containing sum of quadratures G
(±)
j
that are of our interest
B
(±)
j ≡
b1(x+ ωj)± b1(x− ωj)√
2
=∑
i
Vi√
2
[(
gi(x− (ωi − ωj))± g†i (−x− (ωi − ωj))
)
+
+
(
gi(x− (ωi + ωj))± g†i (−x− (ωi + ωj))
)]
=
=
∑
i
Vi
[
G
(±)
i (x− (ωi − ωj)) +G(±)i (x− (ωi + ωj))
]
.
Remind that we assumed gi to be slow amplitudes
which means that spectral components of these quan-
tities are situated close to zero frequency. Note that due
to resonant multiplyers (expressions in square brackets)
in eqn. (6) one can estimate the width of band contain-
ing gi spectra with order of corresponding mode decay
rate γi which is much smaller than difference between
eigen frequencies ωi − ωj (for i 6= j). This considera-
tion is also valid for quadratures Gi hence in definition
of B
(±)
j all summands differ from zero in different fre-
quency bands (not overlapping because of narrowness),
or in other words in each frequency band there is not
more than one non-zero summand in this definition. In
particular at frequencies close to zero one can use quite
exact expression
B
(±)
j (x) = VjG
(±)
j (x).
As we actually measure ao2 we need to consider a com-
bination of spectral components of this quantity contain-
ing B
(±)
j . It is obvious that corresponding combination
is given by the following expression
A
(±)
j (x) ≡
ao2(x+ ωj)± ao2(x− ωj)√
2
=
=
ai2(x+ ωj)± ai2(x− ωj)√
2
+ 2
√
Γτ ·B(±)j (x),
which represents a sum of desired quadrature and input
fluctuations.
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